Abstract: Low computational complexity spectrum sensing based on cyclostationarity for multiple receive antennas is proposed. 
Introduction
Cognitive radio is the core technology for the efficient use of wide-frequency bands. In cognitive radio networks, secondary users (SUs) need to sense and monitor the radio spectrum around themselves for detecting and sharing the frequency bands that are not occupied by primary users (PUs). Because SUs must not inhibit the PUs' communication, spectrum sensing techniques for PUs' protection are very important in realizing cognitive radio networks [1] . It is well established in several spectrum sensing types that cyclostationarity-based spectrum sensing [2, 3] is robust against interference, although its computational complexity is not low. In order to improve performance, various techniques have been proposed for cyclostationarity-based spectrum sensing using multiple receive antennas (MRAs) [4, 5] . In conventional approaches to cyclostationarity-based spectrum sensing with MRAs, the computational complexity is proportional to the number of antennas, as statistics are computed at each antenna. This letter proposes computationally efficient spectrum sensing by means of test statistics sharing among MRAs.
Cyclostationarity based spectrum sensing
We consider that a PU transmits an orthogonal frequency division multiplexing (OFDM) signal, which is composed of the useful symbol duration T FFT and cyclic prefix (CP) duration T CP , as well as the OFDM symbol duration T OFDM ¼ T FFT þ T CP , and the SU detects the PU signal by means of spectrum sensing. Spectrum sensing of the OFDM signal is carried out in order to detect the signal cyclostationarity. This is a binary hypothesis testing problem, as follows:
where r i ðnÞ, v i ðnÞ, h i , sðnÞ, and N R are the received signal, additive white Gaussian noise (AWGN) following CNð0;
), channel gain at the ith receive antenna, PU signal, and number of receive antennas, respectively. Moreover, the hypotheses H 0 and H 1 indicate that the PU is inactive and active, respectively. In cyclostationaritybased spectrum sensing, a cyclic autocorrelation function (CAF) is employed. Let R ;N r i ðn; Þ denote an N sample-computed approximated CAF for r i ðnÞ, lag parameter τ, and cyclic frequency α. Then, it can be written aŝ
where Át is the sampling period. The OFDM signal exhibits a cyclostationarity because of its own CP [2] . Let k ¼ k=T OFDM (k 2 Z) and k ¼ ðk þ 0:5Þ=T OFDM , and the CAF of the OFDM signal has peaks at k and ¼ N FFT :¼ T FFT =Át; moreover, the CAF of the OFDM signal has no peaks at k [2] . Maximum cyclic autocorrelation selection (MCAS) [3] originally has low computational complexity, because the CAF must be computed at only a limited number of cyclic frequencies. In MCAS, the CAF values at certain cyclic frequencies, namely 1 (peak) and k (k ¼ 0; 1; . . . ; N D À 1) (non-peak), are compared in order to detect the PU signal, where N D is the number of non-peak CAFs to be used for sensing. In the single antenna case, MCAS carries out signal detection using peak and non-peak CAFs, as follows:
where N 0 is the number of samples forR
however, the MCAS signal detection performance is degraded when N 0 is extremely small [6] . It should be noted thatR
=NÞ in H 0 [3] . Because both of the probability density functions agree, MCAS can control the false alarm probability as P FA ¼ 1=ðN D þ 1Þ.
Test statistics sharing among multiple antennas based on MCAS
As noted above, the non-peak CAF ffiffiffiffiffiffiffiffiffiffi ffi Fig. 1(a) , and the decision variables at 1 and k are defined as
Again, N D of N R Â N D Z k s are used for signal detection. The subscripts ði; kÞ, which are in Z k , for the receive antenna and k cyclic frequencies, are chosen without deviation for the receive antenna, e.g., ð1; 1Þ; . . . ; ðN R ; N R Þ; ð1; N R þ 1Þ; . . . ; ðN R ; 2N R Þ; ð1; 2N R þ 1Þ; . . . in the N R < N D case. The decision criterion of the proposed technique is expressed by
Computational complexity
The computational complexity required for the complex operation multiplication in the proposed technique is compared with that of the conventional techniques [4, 5] . We let M Proposed , M Cho , and M Huang denote the computational complexity of the proposed and conventional techniques [4, 5] , respectively. These can be written as It can be seen that the computational complexity of the proposed technique is lower than that of [4, 5] ; therefore, computational complexity can be reduced by the CAFs at k sharing. Furthermore, it can be seen that the difference in the computational complexity increases as N R increases.
Numerical examples
For evaluation of the proposed technique, we set
, and a Rayleigh flat fading channel model is employed.
Moreover, the proposed technique is also evaluated in the case of an automatic gain control (AGC). The proposed technique must compute only N D number of nonpeak CAFs, under the assumption that the noise variances at all RF chains are the same. However, the AGC causes the AWGN variance itself with OFDM signals to change, and this results in the difference in noise variances at each RF chain, because the received signal amplitude at each receive antenna determines the AGC gain level at each receive antenna [7] . As a result, the variances of the non-peak CAFs may be also varied. Therefore, it is conceivable that non-peak CAF sharing affects signal detection performance. Thus, we evaluate the two cases: 1) without AGC and 2) with AGC in this section. In order to simulate the AGC behavior, each received signal is normalized by its maximum value for N samples, and each signal is multiplied by a constant gain factor G. We assume that the RF received signal power is approximately −80 dBm, the characteristic impedance of the RF chains, baseband circuits, and so on is 50 Ω, and that the maximum amplitude of the baseband signal after passing through the AGC is 3 V. From these, we employ G ¼ 10 5 .
Firstly, Fig. 3(a) illustrates the detection performance of the proposed and conventional techniques [4, 5] in the without AGC case. The performance of the proposed technique is slightly degraded in comparison with that of the conventional techniques, even though its computational complexity is lower (former: 84 and 70%; latter: 56 and 13% for N R ¼ 2 and 8). Next, Fig. 3(b) illustrates the detection performance of the proposed technique in the with AGC case. It can be seen that the performance degradation caused by the AGC is negligible. Moreover, it can be observed that the proposed technique can obtain almost the same performance as the conventional techniques [4, 5] . Finally, Fig. 3(c) illustrates the P FA performances of the proposed and conventional techniques. The proposed technique achieves the target P FA with an error of less than 1%. techniques [4, 5] .
Conclusion
Computationally efficient cyclostationarity-based spectrum sensing was considered. The proposed technique was able to reduce computational complexity by means of non-peak CAFs sharing among the MRAs. The results demonstrate that the sensing performance of the proposed technique is favorable, and its computational complexity is superior to that of the conventional technique [4] , in proportion to the number of receive antennas, even though the received signal passed through the AGC. Future work will include the development of a weighted version of the proposed technique for improving detection performance.
Acknowledgment
This work was supported by JSPS KAKENHI Grant Number JP16K18110.
(a) Performance of detection probability without AGC case, N R = 2, 8.
(c) Performance of false alarm probability, N R = 2-8.
(b) Performance of detection probability with AGC case, N R = 2, 8. Fig. 3 . Performance of spectrum sensing for proposed and conventional techniques [4, 5] . The target P FA is 0.1.
